Abstract Grapevine is one of the most economically important fruit crops. Molecular markers have been used to study grapevine diversity. For instance, simple sequence repeats are a powerful tool for identification of grapevine cultivars, while amplified fragment length polymorphisms have shown their usefulness in intra-varietal diversity studies. Other techniques such as sequence-specific amplified polymorphism are based on the presence of mobile elements in the genome, but their detection lies upon their activity. Relevant attention has been drawn toward epigenetic sources of variation. In this study, a set of Vitis vinifera cv Pinot noir clones were analyzed using the methylation-sensitive amplified polymorphism technique with isoschizomers MspI and HpaII. Nine out of fourteen selective primer combinations were informative and generated two types of polymorphic fragments which were categorized as ''stable'' and ''unstable.'' In total, 23 stable fragments were detected and they discriminated 92.5 % of the studied clones. Detected stable polymorphisms were either common to several clones, restricted to a few clones or unique to a single clone. The identification of these stable epigenetic markers will be useful in clonal diversity studies. We highlight the relevance of stable epigenetic variation in V. vinifera clones and analyze at which level these markers could be applicable for the development of forthright techniques for clonal distinction.
Introduction
Most of the grapevine varieties-called cépages-grown for the production of high-quality wines belong to the European species Vitis vinifera. Among them, Pinot is one of the most diverse and is used for producing famous wines particularly in France (Burgundy and Champagne), Germany and Switzerland. In the variety Pinot, the color of the berry is white, gray or black leading to the distinction of Pinot blanc, Pinot gris and Pinot noir, respectively. Pinot noir provides a great pool of clonal phenotypes displaying plasticity in canopy growth, cluster architecture, fruit yield and maturity.
Grapevine is commonly reproduced by vegetative propagation cycles during which phenotypic differences can accumulate giving rise to clonal diversity. Two possible origins for this diversity have been proposed depending on the initial germplasm from which the variety was selected from. A polyzygotic origin has been proposed when more than one seedling, with homogeneous phenotypic characters, gave rise to one variety [1] . A monozygotic origin probably is the most frequent: In this case, a single seedling gave rise to one variety, and phenotypic variations between clones are the result of somatic modifications spontaneously occurring during vegetative propagation and conservation. Somatic variation can be induced by genetic or by epigenetic determinants. Various types of genetic modifications have been shown to be correlated with clonal diversity in grapevine varieties: point mutations, indels, illegitimate recombination, variable number of repeats in microsatellite sequences, variation in ploidy, dynamic of mobile elements [2, 3] . In a genome-wide analysis of polymorphism among 3 Pinot noir clones, Carrier et al. [3] found three types of polymorphism: single nucleotide polymorphisms (SNPs), indels and mobile elements. The reported polymorphism rate was quite low for SNPs (1.6/Mb) and indels (5.1/Mb), while the major cause of somatic polymorphism was insertion polymorphism by mobile elements (35.2/Mb) . In previous studies, simple sequence repeats (SSRs) have been used for grapevine cultivar identification and for studying genetic diversity [4] [5] [6] . Even though their efficiency could be limited at the clonal level, SSRs are useful for the management of grapevine germplasm collections and nurseries [7, 8] . Amplified fragment length polymorphisms (AFLPs) have proven their efficiency in discriminating grape accessions and biotypes from the same cultivar, although their ability to generate many molecular polymorphisms may depend on the cultivar/variety analyzed [7, [9] [10] [11] . Nevertheless, other methods such as sequence-specific amplified polymorphism (S-SAP) revealed polymorphism among Pinot noir clones with universal retrotransposon-based primers [12] or primers based on Gret-1, Copia-10, Gypsy-19 and Cauliv-1 transposable elements [3] , but not with Vine-1-based primers [9, 13] .
Differences between clones can also result from epigenetic modifications in response to the environment [14, 15] . Epigenetic pathways (DNA methylation, histone modifications, positioning of nucleosomes, and small RNAs) are important components of plant growth and development. In the genome of higher plants, 5 -methyl cytosine methylation is frequent and plays an important role in defense against activation and movement of transposable elements and regulation of gene expression.
In order to adapt to environmental stress and predation by pathogens and herbivores, one plant genotype often displays alternative phenotypes under different conditions. Phenotypic plasticity is sometimes equated with epigenetic variation [16] . Most examples of phenotypic plasticity are reversible, but other cases document transgenerational memory of stressful environments passed from parents to their unstressed progeny. Stable, inherited epigenetic variation might play an important role in the adaptation of plants and evolution [16] .
In plant material where genetic variation is reduced as much as possible (apomictic lineages or clones generated by vegetative propagation), changes in genomic methylation patterns have been reported [17] [18] [19] [20] . Efficient tools for distinguishing grapevine clones are highly needed to ensure quality management, track commercial propagation material and analyze germplasm collections [5, 8] .
In the present study, a set of 40 Pinot noir clones which included 33 clones registered in France were analyzed using the methylation-sensitive amplified polymorphism (MSAP) technique. Our study aimed at the distinction of Pinot noir clones making use of their epigenetic differences. We provide an insight into the stability of these epigenetic differences and attempt to understand the mechanisms behind clonal variation in Pinot noir. Once identified, stable epigenetic markers can be used (1) to evaluate the clonal diversity during selection and conservation of genetic resources and (2) to guarantee the authenticity of commercialized clones which is crucial for nurserymen and grapevine growers in order to preserve specific quality standards.
Materials and Methods

Plant Materials
A total of 40 clones of V. vinifera Pinot noir were used in this study: 33 clones registered in the catalogue of grapevine varieties cultivated in France and 7 recently selected not yet registered clones from ATVB (Association Technique Viticole de Bourgogne, Beaune, France) and Pépin-ières Guillaume (Charcenne, France). All clones were analyzed using 2 or 5 replicates (Table 1) . In most cases, 2 plants from a given clone were sampled in a given field plot or in different plots. For clones PN115, PN459, PN583, PN743 and PN777, 5 plants were sampled from different plots. In addition, V. vinifera Syrah clone 174 and V. vinifera Sangiovese clone 10-39 were also included. Young leaves were sampled from grapevines in multiplication field plots.
DNA Extraction
A modified CTAB-based protocol [21] was used, with modifications in the extraction buffer only. This extraction buffer contained 2 % CTAB, 100 mM Tris, 20 mM EDTA, 1.4 M NaCl, 2 % 2-mercaptoethanol and 3 % PVP-40. For each extraction, 50 mg of young leaves were frozen in liquid nitrogen and crushed using a mixer mill (MM200, Retsch Ò , Haan, Germany). DNA samples were then re-purified using the NucleoSpin Ò II Purification Kit (Macherey-Nagel, Düren, Germany) following the manufacturer's instructions. DNA concentrations were quantified using the Qubit TM quantitation platform (Life Technologies SAS, Saint Aubin, France). DNA quality was verified by electrophoresis on 1.2 % agarose gel.
Methylation-Sensitive Amplified Polymorphism (MSAP)
MSAP protocol and PCR amplification conditions were the same as described by Schellenbaum et al. [19] . For each Both MspI and HpaII enzymes recognize and excise DNA sequences at CCGG restriction sites, but with different digestion sensitivity to cytosine methylation. MspI cleaves DNA when no cytosine is methylated or when the internal C is methylated (C m CGG) on one or both DNA strands. HpaII cleaves in the case of no cytosine methylation or in the case of hemimethylation of the external ( m CCGG) or internal cytosine (C m CGG) [22] .
MSAP Fragment Analysis
Amplified fragments were scored using Saga MX AFLP Ò Software (Lincoln NE, USA). All fragments were individually counted as either present (?) or absent (-) and verified by two different users before generation of data matrixes for all tested primer combinations. Only visible and scorable bands throughout all analyzed gels for each primer combination were taken into account, and weak bands were eliminated. All replicates were included in the analysis to show the reproducibility of each marker. Due to the nature of the identified polymorphisms, they were classified into two categories further used in this article: ''stable polymorphisms'' and ''unstable polymorphisms.'' Stable polymorphisms correspond to fragments constantly either present or absent in all individual plants belonging to a single clone ( Fig. 1) , and unstable polymorphisms are fragments sometimes present and sometimes absent in different plant extracts from a given clone (Fig. 2 ).
Hierarchical Clustering Analysis and MSAP Marker Effectiveness
All generated marker data were transformed into a binary system coded as either present (1) or absent (0). Identified polymorphic markers were used to calculate epigenetic dissimilarities among Pinot noir clones by the unweighted pair group method with arithmetic mean algorithm (UP-GMA) method using the R commander package [23] .
In addition, the polymorphism information content (PIC) values were calculated to estimate the variability detected by MSAP markers and to quantify their usefulness in clonal distinction. PIC values were calculated for each primer combination using the formula as described by Botstein et al. [24] ,
where Pi and Pj represent the frequencies of the ith et jth alleles, respectively. The percentage of stable polymorphisms was also calculated for all informative combinations (100 9 number of polymorphic fragments/total number of MSAP fragments).
Results
MSAP Analysis of Pinot Noir Clones
The epigenetic profiles of 40 V. vinifera Pinot noir clones were generated using the MSAP technique. A V. vinifera Syrah clone and a V. vinifera Sangiovese were included for comparison.
In total, 14 MSAP selective primer combinations were used ( Table 2) . Five combinations generated exclusively non-discriminating monomorphic markers (data not shown), while 9 combinations (further referred to as ''informative combinations'') produced both monomorphic and polymorphic markers. Monomorphic markers are MSAP fragments present in all clone samples, whereas polymorphic markers are MSAP fragments present or absent in at least one sample. The 9 informative combinations produced a total of 346 fragments after amplification of digested DNA using endonucleases EcoRI/MspI, further mentioned as ''MspI fragments,'' whereas a total of 326 fragments were obtained using endonucleases EcoRI/ HpaII, further referred to as ''HpaII fragments.'' Altogether, the informative combinations generated, on average, 38 MspI and 36 HpaII fragments per primer combination, ranging from 52 both MspI and HpaII with E32/HM35 to 22 MspI and 23 HpaII with E42/HM84 ( Table 3) . As a result of sample analysis by all informative primer combinations, a total of about 66,500 fragments were scored. (Fig. 1 ). Unstable polymorphisms are fragments which are present in one or more samples and absent in at least one sample from a given clone (Fig. 2) . All monomorphic and polymorphic (stable and unstable) MspI and HpaII fragments were categorized as being ''methylation-sensitive'' (MS) and ''methylation-insensitive'' (MI) as described by Marfil et al. [25] (Table 3) . MI fragments show no differences in EcoRI/HpaII and EcoRI/ MspI patterns. In contrast, MS fragments are amplified after digestion with either EcoRI/HpaII or EcoRI/MspI restriction enzymes.
In our study, MI polymorphic fragments were not detected by the MSAP technique. MI monomorphic fragments were the most abundant: 81 % (281/346) of all MspI fragments and 86 % (281/326) of all HpaII fragments. MS fragments were identified as either monomorphic (present as MspI fragments for all clones but absent as HpaII fragments or present as HpaII fragments for all clones but absent as MspI fragments) or polymorphic (stable or unstable) for all clones. The majority of MS monomorphic fragments were detected as being MspI fragments (61 in total) compared to HpaII fragments (13 in total) ( Table 3) .
Polymorphic stable fragments were mostly amplified as HpaII fragments (23) and a few as MspI fragments (2) . The number of stable polymorphic fragments varied depending on the primer combination used, ranging from 1 (combinations E32/HM70 and E39/HM46) to 7 (combination E35/ HM70) ( Table 3 ).
In the case of unstable polymorphic fragments, a comparable distribution was observed as for stable polymorphic fragments, displaying a higher number of HpaII fragments (9) compared to MspI fragments (2) . The number of MspI and HpaII unstable fragments detected per combination fluctuated between 0 (combinations E32/HM35, E42/HM84, E45/ HM34) and 3 (combination E45/HM62) ( Table 3) .
Detected unstable polymorphic fragments corresponded to few or several clones following digestion-amplification using either one or both MspI or HpaII. Unstable polymorphic fragments were common to at least 5 clones (E39/ HM83 marker 150 HpaII) up to 22 clones (E32/HM70 marker 116 HpaII) ( Table 4) .
MSAP Marker Effectiveness
The percentage of stable polymorphisms was calculated for all informative combinations. Combinations E35/HM70 and E45/HM83 produced the highest percentage of polymorphisms (9.21 and 5.49 %, respectively) compared to E32/HM70 and E39/HM46 being the least polymorphic (1.47 and 1.28 %, respectively) ( Table 5 ).
The effectiveness of each MSAP primer combination was estimated using the PIC. PIC values were classed as ''highly informative'' (PIC [ 0.5), ''reasonably informative'' (0.5 [ PIC [ 0.25) and ''slightly informative'' (PIC \ 0.25), as described by Botstein et al. [24] . Values were in agreement with the percentage of stable polymorphisms. An average PIC value of 0.54 was obtained for all informative MSAP combinations. E32/HM35, E35/HM70, E39/HM83, E42/HM84, E45/HM62 and E45/HM83 were the most informative primer pairs in this study, with E35/ HM70 (0.80) and E45/HM83 (0.81) displaying the highest PIC values. Only combination E45/HM34 (0.44) was considered as reasonably informative, while E39/HM46 (0.22) and E32/HM70 (0.09) generated slightly informative PIC (Table 5) .
Stable Polymorphisms and Clonal Discrimination
Since the presence/absence of unstable polymorphic fragments was not consistent among replicates (different plants from a given clone), they are not reliable for the distinction of individual clones. Therefore, only stable polymorphisms were used to produce individual MSAP profiles. Consequently, 38 profiles were obtained using the 9 informative primer combinations which generated a total of 23 stable polymorphic markers. The size of markers fluctuated between 109 and 573 base pairs (bp). Thirty-seven profiles were clone-specific, and only one MSAP profile was shared by more than one clone. Clones PN115, PN461 and PN583 displayed a common MSAP profile (profile 1). These clones could not be distinguished using the 9 informative combinations (Fig. 3) .
Some informative markers were common to several Pinot noir clones; some were restricted to a few clones or to just one clone (Fig. 3) . For example, the E32/H70-134 bp marker with HpaII was present for 38 out of 40 clones and was absent only for clones PN665 and PN668. Using primer combination E39/HM83, clones PN743 and PN778 were distinguished from the other clones by HpaII 345 and 130 bp fragments, respectively. E45/HM83-109 bp marker with HpaII was present only in clone PN111, and E35/ H70-180 bp marker was absent only in clone PN743 with HpaII (Fig. 3) .
In addition, the primer combination E35/HM70 generated both MspI and HpaII polymorphisms for clones PN165 (marker 573 bp) and PN666 (marker 115 bp). With the same combination, only HpaII but not MspI marker 573 bp was absent only in clone PN927 and marker 115 bp in clone PN870 (Fig. 3) .
Methylation-sensitive amplified polymorphism fragments were also scored for one clone of V. vinifera Syrah (SY) and one clone of V. vinifera Sangiovese (SG). The degree of polymorphism between varieties was 3-5 times higher as compared to that within the group of Pinot noir clones: 12.87 % between PN/SY, 16.31 % between PN/ SG, 17.83 % between SY/SG versus 3.72 % between all Pinot noir clones. Table 3 Number of MSAP fragments generated by 9 selective primer combinations (EXX-HMYY) used for analyzing 40 Hierarchical Clustering Analysis Twenty-three MSAP informative markers were used to estimate epigenetic differences between all analyzed clones (40 V. vinifera Pinot noir). A dendrogram was developed (Fig. 4) using UPGMA. Thirty-seven clones were individually distinguished. Only 3 clones remained clustered into one subgroup (PN115, PN461 and PN583).
The cluster analysis classified the 40 Pinot noir clones into seven major groups. Clones PN743 and PN870 were clearly separated by the first bifurcation subsequently followed by the group composed of clones PN777 and TF2. The third group consisted of four clones (PN389, PN665, PN666 and PN668), followed by a fourth group formed of two clones (PN165 and PN927) and a fifth group with four clones (PN114, PN462, PN828 and PN871). The remaining clones were distributed in the two last groups composed of 16 and 10 clones, respectively.
Furthermore, some clones were separated by just one bifurcation representing a single polymorphism: PN114/ PN871, GL58/G2-13, PN111/TF1, PN113/PN374, PD79/ (PN583/PN115/PN461), PN386/F1 and PN375/PN388 (Fig. 4) .
Discussion
Clonal propagation is used for numerous domesticated plants, such as banana, coffee, cassava, taro or grape, in order to maintain favorable genotypes [26] . In grapevine, V. vinifera clones are the result of somatic genetic/epigenetic alterations during plant development deriving from several cycles of vegetative propagation [2] . Phenotypic characteristics can be influenced by the environment and they not always make it possible to distinguish clones belonging to the same variety. PCR-based molecular markers are more environment-independent and more discriminating for evaluating intra-varietal diversity.
In the present study, epigenetic variability within a set of Pinot noir clones was assessed using the methylation-sensitive AFLP technique, MSAP. The AFLP technique has proven to be useful for intra-specific analysis, producing genome-wide anonymous dominant markers with highly reproducible patterns [27] . In the present study, DNA was extracted from 95 different plants from 40 Pinot noir clones, and after the 3 steps of MSAP (restriction-ligation, preamplification and selective amplification), very similar profiles were obtained. A total of 346 and 326 different MSAP fragments were scored after restriction with EcoRI/ MspI and with EcoRI/HpaII, respectively. The majority of these bands were monomorphic (i.e., present in all individual samples): 342 (98.8 %) with EcoRI/MspI and 294 (90.2 %) with EcoRI/HpaII (Table 1) .
DNA Methylation and Stability of MSAP Markers
An essential conclusion of the present study is the distinction of two types of MSAP polymorphisms in V. vinifera clones. On the one hand, we scored stable polymorphisms since each clone showed a specific pattern which was exactly the same for the 2 or 5 plants per clone we have analyzed. In this case, different clones showed diverse stable MSAP profiles. On the other hand, unstable fragments were amplified in one (or more) but not all plants from the same clone. Consequently, these fragments are not adequate for a robust distinction of Pinot noir clones. Some of these conserved fragments could be in fact stable fragments that were not always detected due to scoring difficulties influenced by technical problems (e.g., poor DNA quality, amplification artefacts) or mis-scoring as in the case of other PCR-based markers [28] . However, as these unstable fragments were detected in numerous individual plants, from 5 up to 22 clones depending on the detected fragment (Table 4) , it is unlikely that they account for scoring errors in this study.
One great difference between genetic and epigenetic variation is that the second is less stable, can be altered by the environment and reversible [29] [30] [31] [32] . Different profiles of methylation, which may be stable, unstable, heritable or lost, have been described in ecotypes of Arabidopsis [33] .
Unstable polymorphisms, described here for the first time in grapevine, reflect alterations in the DNA methylation status of different individuals inside the same clone. As leaf samples were collected from plants in different field plots, detected unstable epigenetic variations could be the result of a diversity of agronomical and/or environmental conditions. Epigenetic alterations are modulated by environmental factors, and the effects of stress may contribute to plant adaptation [32, 34] . Using MSAP, methylation profiles from different individuals grown in distinct environments were compared in some recent studies [35] [36] [37] . Epigenetic variation was greater than genetic variation and highly associated with environment. Therefore, epigenetic changes could contribute to the adaptation of plant populations to environmental changes. Yu et al. [37] , for example, proposed that cytosine methylation alterations were induced by abiotic stresses in natural Leymus chinensis populations. Epigenetic alleles (epialleles) have been described in natural plant populations affecting important characters such as flower morphology [25] . DNA methylation changes triggered by environmental stresses can be passed on to the next generation [20, 38] , and they could become fully or partially independent from genetic variations [39] .
Epialleles might also have the faculty to return to their ''wild forms'' therefore becoming ''metastable.'' This means that they are assumed to be stable due to a slow evolution process toward their ''wild'' form and not entirely due to a ''true'' stability [39] . However, as mentioned in Richards et al. [31] , reversible and non-reversible components are included in epigenetic differentiation patterns among field populations measured in different environments. Hence, it is very likely that the different MSAP patterns obtained in our study are the result of spontaneous epimutations (stable and unstable) influenced by fluctuating environmental pressures and/or even cultural practices. The processes underlying epigenetic mutations (epimutations) among closely related individuals are still poorly understood. For instance, assessing DNA methylation could be very difficult since it might be variable within the same cell or even differing in a single cytosine at a specific location from one cell to another [40] .
A more detailed analysis of the MSAP patterns brings information on the possible modifications in the cytosine methylation from one Pinot noir clone to another. In our experiments, we used two isoschizomers with different sensitivity to cytosine methylation, MspI and HpaII, both excising genomic DNA at CCGG sites [41, 42] . In most cases, stable and unstable polymorphisms we have identified correspond to fragments amplified after MspI restriction that are present or absent after HpaII restriction. If the fragment is amplified after restriction with both EcoRI/ MspI and EcoRI/HpaII, cytosines are unmethylated at the CCGG site. If the fragment is only amplified after restriction with EcoRI/MspI, the internal cytosine is methylated on both strands. Therefore, most stable and unstable polymorphisms correspond to differences in the methylation of the internal cytosine (C m CGG) on both strands. This means that for a given polymorphic fragment, the CCGG site is unmethylated in some Pinot noir clones, whereas in others, the internal cytosines are methylated on both strands at the same restriction site.
With stable fragments, two other different situations were observed. In the first case, E35/HM70 marker 573 bp is absent for clone PN165 as well as marker 115 bp for clone PN 666 after restriction with both EcoRI/MspI and EcoRI/HpaII. In addition, after restriction with EcoRI/ MspI, marker 573 bp is present for clone PN927 and marker 115 bp for clone PN870. For all the remaining clones, both markers (573 and 115 bp) are present after digestion with both pairs of restriction enzymes. Hence, the CCGG site of these fragments is either mutated in PN165 and PN666, or both internal and external cytosines are fully methylated ( m C m CGG on both strands). The second hypothesis is more likely since both fragments are present in all other Pinot noir clones.
In the second case, E45/HM83 fragments 356 and 196 bp were never amplified after restriction with EcoRI/ MspI and amplified in some clones after restriction with EcoRI/HpaII. As only HpaII can digest DNA at CCGG sites when the external cytosine is methylated on one strand (and not MspI), these polymorphisms correspond to differences in cytosine hemimethylation.
One of the disadvantages of the MSAP technique is that it underestimates the methylation level at the genome scale, since only CCGG restriction sites are targeted when using MspI and HpaII. Another complication of using MSAP lies upon the rare cutter EcoRI which is actually not entirely insensitive to methylation as overlapping of restriction sites might hamper correct cleavage during DNA digestion. In fact, EcoRI could be less active when restriction sites are methylated [20] . Sequencing analysis following bisulfite conversion of stable and unstable polymorphisms would be helpful to determine the methylation degree of each cytosine in the different fragments, also at EcoRI sites (GA-ATTC). This will allow the comparison between clones and/or individuals of the same clone and to verify the presence of different epialleles at a given locus in Pinot noir plants.
Distinction of Pinot Noir Clones
As stable fragments were present in all samples from the same clone, these polymorphisms are reliable for clonal identification. The informative stable markers detected in this research were either common to several Pinot noir clones, restricted to a few clones or just to one clone (Fig. 3) . In total, 37 clones were distinguished. For each discriminated clone, a specific MSAP profile was obtained (Fig. 3) .
Only one MSAP pattern corresponded to more than one clone. A single profile was shared by clones PN115, PN461 and PN583, all originally selected in the Côte d'Or region but registered in different years. For these 3 clones, it would be uncertain to assume traceability or identity errors during plant selection and/or multiplication, but these possibilities cannot be ruled out. Only further analysis and the generation of more polymorphic markers with additional primer combinations would allow distinguishing these clones. Since the total number of informative selective combinations used in this research was relatively moderate (9) , it is very likely that by increasing their number, we would generate more discriminating stable markers and therefore distinguish multiple clones sharing identical MSAP profiles.
The dendrogram constructed after UPGMA cluster analysis using stable fragments ranked the 40 Pinot noir clones into seven major groups (Fig. 4) . Methylation patterns were very similar between some clones because their distinction relied on a single polymorphism only. It is unlikely, however, that this represents any parental relationships among clones or possible linkages to common morphological traits.
Epigenetic Markers Versus Genetic Markers
Epigenetic and genetic variations can be very difficult to discern especially in highly diverse plant populations, as by definition, these populations exhibit extensive genetic variation [39] . Epigenetic variation could take place in a faster way compared to genetic variation, especially under constantly changing environmental conditions [15] , and discriminating epigenetic from genetic differences represents a major challenge in population studies. Therefore, using the right genetic/epigenetic tools is necessary in order to characterize and exploit this variability.
As discussed by Richards [16] , analyzing plant populations, for instance, clones generated by vegetative propagation would reduce genetic variation and allow scientists to focus on epigenetic differences. Consequently, grapevine could be an interesting plant model for such studies as it is commonly multiplied by vegetative propagation, thus generating clones genetically identical to the parent plant [2] . Clones are subsequently multiplied, and therefore, large populations corresponding to the same clone are subjected to a variety of field and garden conditions. Microsatellite markers are very powerful for management of grapevine germplasm banks [8] and cultivar identity [43] . Nevertheless, previous studies have shown that they are not suitable for studying intra-clonal variability. For example, most of the SSRs did not show differences among grapevine clones and they were either not very powerful [7, 8] , although others partially revealed diversity in grapevine collections [5, 6] .
In our study, MSAP allowed the intra-varietal distinction of Pinot noir clones. Previous studies have shown that epigenetic variation detected by MSAP was greater than the genetic variation detected by AFLP for separating abnormal and normal-intermediate flower phenotypes in Solanum ruiz-lealii [25] . In grapevine, Schellenbaum et al. [19] used MSAP to study somaclonal variation in Syrah and Chardonnay cultivars allowing the identification of methylation alterations and possible methylation hotspots.
Other strategies have involved more than one technique to be able to generate enough marker information. For example, Castro et al. [44] used IRAP (interretrotransposon amplified polymorphism), REMAP (retrotransposon-microsatellite amplified polymorphism), S-SAP (sequence-specific amplification polymorphism) and AFLP techniques to discriminate a set of 41 V. vinifera cultivars, including 37 clones within 6 of them. For clonal identification, IRAP did not produce any polymorphism, while REMAP allowed the distinction of only 3 clones. AFLP and S-SAP polymorphic markers discriminated 15 and 9 clones, respectively.
Recently, using next-generation sequencing technology, portions of the genome of 3 Pinot noir clones were compared [3] . Insertion polymorphisms accounted as the major cause of genetic differences between the 3 clones. Using primers derived from four types of mobile elements, specific S-SAP patterns were obtained for 60 Pinot clones, including 40 Pinot noir clones, although no plant replicates were studied. Moreover, caution must be taken since the detection of polymorphisms by S-SAP strongly depends on the activity of mobile elements [3] . This method may produce different profiles from one plant to another within a given clone, and therefore, it could be inadequate for the distinction of grapevine clones.
Meneghetti et al. [45] proposed a protocol for studying intra-and inter-varietal genetic variability using a combination of SSRs, AFLPs, SAMPLs (selective amplification of microsatellite polymorphic loci), M-AFLP (microsatellite-AFLP) and ISSR (inter-simple sequence repeat) in 243 V. vinifera accessions corresponding to 7 cultivars establishing genetic differences and correlating them to specific geographic regions or morphological traits. The reason behind this correlation was not entirely discussed as mentioned by the authors though it seems that human selection played an important role [45] . For example, in Malvasia nera di Brindisi/Lecce, Primitivo and Negroamaro cultivars, all largely cultivated in the Apulia region in Italy, spread seemed to be limited due to traditional propagation practices therefore making it possible to establish possible links between genetic differences and geographic origins [46] .
The MSAP approach using stable epigenetic markers could be also a complementary tool to other PCR-derived methods, as used by several authors [3, 7, 9-12, 45, 46] .
General Conclusion
Using the MSAP technique, 37 out of 40 Pinot noir clones were discriminated using only 9 discriminating primer combinations. Only 3 clones could not be distinguished, and they remained clustered in one subgroup. Difference in full methylation of internal cytosine (C m CGG) was identified as the major source of variation detected by MSAP. The detected polymorphic fragments were scored as stable and unstable polymorphisms.
This study underlies the importance of epigenetic approaches and represents a major contribution in the evaluation of Pinot noir clonal diversity. The identification of stable epigenetic markers in Pinot noir could be suitable for the development of straightforward techniques for clonal identification. Such techniques could potentially accelerate the selection process in plant nurseries and might become useful for management of germplasm collections and for routine analysis when certainty of plant identity is needed.
